A comprehensive study of the site location of Nd 3+ ions in the BaMgF 4 ultratransparent ferroelectric crystal is presented. By combining different low-temperature optical spectroscopies and electron paramagnetic resonance, the crystal field energy levels of Nd 3+ ions and the gyromagnetic factors are experimentally determined. These results are employed to perform the crystal field analysis of Nd 3+ ions considering a Cs point symmetry. The crystal field calculation yields a small root-mean-square deviation of 18 cm −1 and reveals a large crystal field strength (621 cm −1 ), verifying the assignment of the Ba 2+ cationic site as the location for Nd 3+ ions in this fluoride host. The results suggest a slight displacement of Nd 3+ from the barium regular site with a rearrangement of the fluorine ions around it. The work gives a deep insight into the properties of the Nd 3+ -doped BaMgF 4 crystal, a ferroelectric widely ultra-transparent material with potential applications as optical device operating in the Vacuum Ultraviolet-Ultraviolet and midinfrared spectral regions.
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I. INTRODUCTION
Ferroelectrics are key systems for the development of a great number of relevant applications in different fields of technology. These materials have been playing an important role in photonic devices due to their suitable electro-optic and nonlinear properties for light control. They are successfully used as high-speed light modulators, parametric oscillators, or nonlinear frequency converters, covering a wide range of the optical spectrum. [1] [2] [3] [4] Moreover, in the last years, it has been demonstrated that these materials can also operate as optically active systems generating laser action when the appropriate optical impurities are incorporated into the crystals. [5] [6] [7] In this context, the use of ferroelectric crystals as host matrices for optically active ions has emerged as an attractive field to develop multifunctional compact solid-state lasers with the added functions of self-multidirectional and self-multiwavelength frequency conversion, self-deflection of the coherent radiation, tunability, or even optical bistability. [8] [9] [10] In this paper, we investigate the properties of Nd 3+ ions in the BaMgF 4 crystal (hereafter BMF), the only ferroelectric fluoride crystal reported up to now. 11 BMF is a nonlinear crystal which exhibits an extraordinary transparency range extending from the deep ultraviolet (UV) (126 nm) to the midinfrared (IR) (13 μm) . 12, 13 This offers an exceptional advantage for optical devices operating in the UV and mid-IR, where other nonlinear materials cannot be used. Regarding its photonic applications, quasiphase-matched frequency conversion processes in both visible and UV spectral region have been recently reported in periodically poled BMF crystals being the shortest converted wavelength obtained in the UV at 368 nm. 14 In this crystal, the value of the coercive field is remarkably lower than those of stoichiometric or congruent LiNbO 3 and LiTiO 3 and the grating periods for quasiphase matching much larger, 15 which clearly facilitates the fabrication process of periodical structures of inverted domains.
BMF belongs to the pyroelectric fluoride BaMeF 4 family (Me = Mg, Mn, Fe, Co, Ni, Zn). It crystallizes in the orthorhombic system with space group Cmc2 1 , and it has four molecules per unit cell. The orthorhombic structure of BMF indicates that it is optically biaxial, with the principal optical axes xyz coincident with the crystallographic ones abc in some order. Pure (undoped) BMF crystals were first grown back in the 1970s by both Bridgman and Czochralski techniques, and the main optical, elastic, and electric properties of BMF were reported. 12, 16, 17 The crystal structure consists of distorted MgF 6 octahedra sharing corners to form puckered sheets parallel to (010) plane. These are linked by Ba 2+ ions. Both cations Ba 2+ and Mg 2+ are located in a mirror plane parallel to the (100) plane, occupying a Wyckoff 4a site with a local symmetry C s . 18 Figure 1(a) shows the projection of the BMF structure on the (100) plane containing the ferroelectric c axis. It displays the available cationic sites: (i) Mg 2+ sites with C s symmetry and sixfold coordination in an octahedral environment and (ii) Ba 2+ sites with C s symmetry and 11-fold coordination. Figure 1(b) shows a detail of the Ba 2+ environment in the BMF lattice. It consists of six fluorine atoms at the apices of a trigonal prism, together with five more located equatorially through the rectangular faces of the prism on a plane parallel to the bc plane.
The incorporation of trivalent rare earth ions in this nonlinear host crystal has been the subject of some recent reports. [19] [20] [21] In particular, the possibility of incorporating Nd 3+ ions has been recently demonstrated, opening the way to the development of potential self-frequency converted all solid-state lasers operating in the UV and vacuum-UV (VUV) and mid-IR spectral regions. 11 Namely, by means of site selective spectroscopy, it has been recently shown that Nd incorporates into the BMF matrix at two well-differentiated centers referred to as A (dominant) and B (minor) centers. As suggested, those two Nd 3+ centers can be associated with Nd 3+ in a Ba 2+ regular lattice site (A center) and with a defectdistorted Ba 2+ site (B center). The annihilation of the minor defect-distorted B center can be achieved by the incorporation of Na + ions into the crystal. These ions provide the charge compensation mechanism required when Nd 3+ ions substitute for a divalent cation in the lattice and prevent the presence of undesired defects in the lattice. 11 Additionally, as previously confirmed by site selective spectroscopy, the presence of Na + ions does not affect the spectroscopic characteristics of the major center, which suggest that the charge compensation for the A major center is not local.
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II. EXPERIMENTAL DETAILS
A BMF single crystal, with an Nd 3+ and Na + content of 0.02 and 0.15 mol% (referred to Ba 2+ ), was prepared by the Czochralski technique using a 30-kW RF generator. The low Nd 3+ concentration clearly favors its presence as isolated ions in the crystal, which is advantageous in the context of this work. More details on the growth procedure can be found elsewhere. 13 From the boule, samples were cut with the c axis parallel or perpendicular to the main face in order to perform the optical measurements and the EPR experiments.
The optical absorption measurements were obtained from the UV to the IR spectral range by means of a Perking Elmer Lambda 1050 spectrophotometer. For the luminescence experiments, an Argon-pumped continuous wave tunable Ti:Sapphire laser (Spectra Physics 3900) was used as an excitation source. The emission was detected with a Peltier cooled charge coupled device camera or a Ge-detector. Lowtemperature FTIR data were taken with a Perkin-Elmer 2000 Fourier-transform IR spectrometer. Low-temperature (nominal 10 K) optical absorption, emission, and FTIR spectra were obtained using a closed-cycled helium optical cryostat. All optical spectroscopy and FTIR experiments were performed with unpolarized light launching the proof beam parallel to the ferroelectric c axis of the crystal.
Electron paramagnetic resonance measurements were performed at 5 K with an X-band (9.5 GHz) Bruker ELEXSYS E 500 spectrometer, equipped with a variable-temperature accessory from Oxford Instrument. The crystals were mounted on a small Perspex sample holder to allow their orientation with respect to the magnetic field. The principal g values, namely g x , g y , and g z , were determined from the angular variations of the experimental g factor in the three orthogonal crystallographic planes (ab), (bc), and (ac). These angular variations were obtained by rotating the crystal in 10
• steps around the reference axes with ≈2
• accuracy.
III. RESULTS AND DISCUSSION

A. Low temperature optical spectroscopy
In order to calculate the CF parameters of Nd 3+ in BMF:Na host matrix, a total of 51 experimental CF energy levels arising from the 4f 3 electronic configuration of the free Nd 3+ ion were assigned in the optical spectra. For this purpose, a combination of LT linear absorption, fluorescence, and FTIR spectroscopy was used.
Special attention was paid to the Stark energy levels of the 4 I J (J = 9/2, 11/2, 13/2, and 15/2) states of Nd 3+ ions due to their relevance on the CF calculations for low-symmetry environments. The spectra involving those 4 I J states are shown in Fig. 2 Table I ). Low-temperature absorption and FTIR measurements in the 1900-6700 cm −1 energy range allow us to confirm the previous assignments as well as to identify five of the seven Stark energy levels of the 4 The LT optical absorption spectrum corresponding to more energetic transitions is shown in Fig. 4 . It displays the transitions from the 4 I 9/2 (0) ground level up to the different Stark levels of the 4 G J , 2 P 1/2 , and 4 D J excited states, as indicated in the figure. The inset depicts a detail of the 4 I 9/2 (0) → 2 P 1/2 transition. In agreement with the multiplicity of that state, a single and well-resolved line is observed, evidencing the presence of a single Nd 3+ center, as previously reported on Nd 3+ and Na + -codoped BMF. 11 At this point, it is important to mention that previous studies have pointed out that trivalent lanthanide ions substitute for Ba 2+ cations in the BMF crystal lattice. 19 This can be justified on the basis of the well-established set of ionic radii published by Shannon. 22 For the specific case of trivalent neodymium in coordination Figure 5 shows the angular variations of the g 2 factor in the three crystallographic (ab), (bc), and (ac) planes. These variations were fitted with the expression:
B. Electron paramagnetic resonance
where i and j stand for the axis labels (a, b, or c), and θ is the angle for the i axis. Since the g 2 values are maximal along the a, b, and c axes, the g ij factors are zero, and the g matrix is diagonal in the a, b, and c axes. This suggests that the Nd 3+ site symmetry is close to orthorombic and is distorted from the site of Ba 2+ ions. The g matrix values are g aa = g x = 2.84 ± 0.01, g bb = g y = 1.44 ± 0.01 and g cc = g z = 2.99 ± 0.01. Figure 6 (a) presents a typical spectrum when the field is in the (ac) plane. Apart from the strong Zeeman line, one can see the hyperfine structures corresponding to the two nonzero nuclear spin isotopes (I = 7/2) 145 Nd 3+ and 143 Nd 3+ . In the (ab) and (bc) planes, two Zeeman lines appeared [ Fig. 6(b) with a larger splitting in the latter case. This can be explained with slightly magnetically nonequivalent sites related by a symmetry plane parallel to the (ac) plane, in agreement with the crystal structure. 19 The angular variations of the two lines in the (bc) plane are given on Fig. 5 .
C. Crystal field calculations
To estimate the CF acting on the Nd 3+ ions in the BMF:Na + crystal, the C s CF parameters have been calculated. For this purpose, the energy levels obtained by the different spectroscopic techniques have been used. These experimental energy levels have been listed in Table I . The optical properties and the energy levels of the lanthanides in solids are ruled by the interelectronic interaction between the electrons of the inner 4f shell of the lanthanide and the charge of the host ligands, all distributed in a particular local point symmetry. The complete Hamiltonian (free-ion plus CF interactions) describing the lanthanide ions in solids uses a parametric method, in which a small group of phenomenological parameters allow to reproduce the lanthanide energy level diagram. In the framework of the Racah algebra, these phenomenological parameters are numeric coefficients that multiply a tensor operator to describe the interaction. The adjustable parameters are radial integrals, while the angular components of the tensor operators can be calculated exactly with the help of the tensor algebra and the group theory. 23 The free-ion Hamiltonian, that includes Slater-Condon, k , is written as: 3, 4, 6, 7, 8 
It gives rise to 19 phenomenological parameters plus the mean energy of the whole configuration. A detailed description of the various operators and parameters is available in the literature. 23, 24 At this point, it must be noted that some of the angular operators, namely t 2 , m j , and p k , , have been recalculated to use a full orthogonal operator set 25 and to include the correction reported by previous authors. 26, 27 The even part of the one-electron CF Hamiltonian, responsible of the CF splitting, can also be written as a sum of products of the renormalized spherical tensor operators [C q (k) ], 28 and the real and imaginary parts of the CF parameters (B k q and B q k , respectively):
The values of k and q, for which the parameters are nonzero, are determined by the local symmetry. For the C S and C 2 symmetry, all the odd-q parameters vanish, and the CF Hamiltonian takes the form:
with 15 nonvanishing CF parameters (nine real and six imaginary). In this highly nonlinear calculation, the starting values are crucial to yield a small root-mean-square (rms) deviation between the experimental and calculated energy levels, as well as to obtain consistent parameters. The initial estimations have been obtained making use of the very simplified simple overlap model (SOM). 29, 30 It provides CF parameters given by:
where ρ is the overlap between the metal and the ligand orbitals and the ± sign characterizes the displacement of the charge barycenter from the middle metal-ligand distance. The site symmetry of the rare earth ion is taken into account through the lattice sum A k q as:
g j being the charge of the ligands (F − ions) and R j its distance from the central Nd 3+ ion and the radial integrals r k (Freeman-Watson) values. Here, the reported structural data 18 with a value of ρ = 0.08 for the Nd 3+ ion and overlapped orbitals (minus sign) has been used. Since there is no principal axis for the C S symmetry, the quantization axis can be arbitrarily selected, and different sets of CF parameters (that could give the same CF splitting) can be obtained. 31, 32 As starting CF parameters, we have selected those obtained with the quantization axis parallel to the crystallographic a axis [see Fig. 1(b) ] with a suitable rotation around the quantization axis that makes the imaginary parameter B 2 2 equal to zero.
D. Simulation procedure
Standard least-square methods were used to reproduce the electronic structure of the Nd 3+ ion by means of an iterative fitting process that minimizes the rms value. The energy level analysis was carried out by using the complete |SLJM basis set (182 Kramers doublets) for Nd 3+ with a Hamiltonian with 19 free-ion parameters and 14 CF parameters. Since the number of levels empirically available for the present system is not large enough to support an analysis with such a large number of parameters, the simulation of the energy level structure of Nd 3+ has been made in several steps. The Nd 3+ 4 I J (J = 9/2, . . . ,15/2) lowest multiplet is mainly pure. Thus, a first step in the CF analysis considers only the 26 4 I J Kramer's doublets in order to diagonalize the CF Hamiltonian in the Russell-Saunders coupling scheme. It also considers the 4 I J barycenters as adjustable parameters and the full J-mixing effect. Since most of 4 I J levels positions are experimentally obtained, this step should give a reasonable first approach to the CF parameters. However, several equivalent sets of CF parameters are obtained from this step. This ambiguity is associated with two facts. Firstly, the two-rank parameters are strongly related to the 4 F 3/2 splitting. Secondly, in low symmetries, least squares fits are often unstable because the energy levels are relatively insensitive to the CF phase factor. 33 The second step involves the use of the full Hamiltonian (free-ion plus CF) in the intermediate scheme with the complete |SLJM basis set. Assuming that slight changes in the free-ion parameters do not significantly affect the behavior of CF parameters, we have used as starting free-ion parameters those calculated for Nd 3+ :LaCl 3 .
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As mentioned, the accurate determination of the free-ion Hamiltonian needs a large number of 2S+1 L J multiplets, but due to the scarcity of experimental levels obtained by optical 35, 36 In addition, a weighted function was used to include the experimental levels of most of the highest energy 2S+1 L J multiplets.
The simulated energy levels are listed in Table I in comparison with the experimental ones. Although the obtained fitting is very accurate, as indicated by the low rms value, it is worth noting that not all the CF parameters have been calculated with the same accuracy. Some of them may be varied in a wide range of values without giving rise to significant changes in the energetic positions of the calculated Stark levels. Indeed, some of the parameters have major influence in the calculation of the principal g values. Thus, some degree of uncertainty is expected in this calculation, mainly related with the g values perpendicular to the quantization axis (a crystallographic axis). In any case, a good agreement is observed between the experimental g values obtained by EPR and the theoretical ones obtained from our fitting, mostly considering the complexity of the problem: 14 crystal field parameters and only 50 energy levels.
We can tentatively relate the CF obtained in our fitting to the structural location of Nd 3+ in BMF. The results point to a distorted Ba 2+ site in which the Nd 3+ ion is shifted towards the center of the triangular prism [ Fig. 1(b) ] and a subsequent rearrangement of the five planar fluorine ligands. Therefore, the Nd 3+ ions would locate in a more centrosymmetric configuration than that of regular Ba 2+ sites, approaching a orthorhombic symmetry in agreement with the EPR results. The shift of Nd 3+ ions would imply a reduction of the ferroelectric character of the host, which could be assessed in the case of very high dopant levels. The suggested model is schematically depicted in Fig. 7 in which an a view (100 projection) of the Nd 3+ site is shown.
IV. CONCLUSION
The LT optical spectroscopy and EPR experiments confirm the single location of Nd 3+ in the BMF:Na + crystal. A CF analysis of Nd 3+ ion has been carried out. The results show that the Nd 3+ ion experiences a CF consistent with its incorporation into the Ba 2+ site. It is suggested that Nd 3+ distorts the Ba 2+ regular site towards a more centrosymmetric location, which would approach an orthorhombic symmetry. The results shown provide basic information to understand the properties of trivalent rare earth-doped BMF Vacuum Ultraviolet-IR transparent crystal for potential optical devices.
